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abstract 


The  solubilities  of  Og,  NO,  and  NgO^  in  liquid  Ng0^  have  been 
measured  over  a  wide  pressure  range  at  -11.03>  0.0,  and  25°C. 
The  results  show,  conclusively,  that  Henry's  law  is  obeyed 
for  all  pressures  at  each  temperature  for  Og  and  at  low  pres¬ 
sures  for  NO  and  NgO,.  The  standard  free  energy,  enthalpy, 
and  entropy  of  solution  for  each  gas  have  been  computed. 
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I.  INTRODUCTION 


The  solubilities  of  a  number  of  gases  in  propellants  and  oxidizers  have 
been  measured  during  the  past  two  years  (Refs.  1,  2).  This  report,  a  continu¬ 
ation  of  the  foregoing  effort,  presents  the  experimental  results  and  their 
interpretation  for  Og,  NO,  and  in  liquid  N^  at  various  pressures  and  at 

-11.03,  0.0,  and  25.0°C. 

A  literature  search  revealed  that  there  were  no  data  on  the  solubility 
of  02  in  liquid  No0^.  Numerous  investigations  on  systems  containing  NO,  NgO^, 
N02,  and  1^0,  were  reported,  but  the  results  were  inconclusive  and  gave  no 
direct  solubility  data  for  NO  in  liquid  N^.  A  systematic  and  reliable  inves¬ 
tigation  of  02,  NO,  and  in  liquid  NgO^  was  therefore  warranted. 


X 
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II.  EXPERIMENTAL  PROCEDURE 


The  apparatus  and  procedure  for  the  solubility  measurements  are  de¬ 
scribed  in  Ref.  2.  In  this  work  research  grade  NgO^  of  99-5  percent  minimum 
purity  was  further  purified  as  follows:  Oxygen  was  bubbled  through  NgO^  to 
oxidize  NO  and  N0C1.  Then,  liquid  NgO^  was  repeatedly  degassed,  frozen  with 
liquid  Ng,  evacuated,  and  melted,  and  this  procedure  was  repeat..  until  NgO^ 
froze  to  a  white  solid.  The  solid  was  then  melted  and  distilled  under  a  vac¬ 
uum  into  a  sample  container.  Samples  of  approximately  100  g  of  liquid  NgO^ 
were  used  for  the  solubility  measurements  on  0g  and  samples  of  approximately 
5  g  for  the  measurements  on  NO.  The  gaseous  0g  for  the  solubility  measure¬ 
ments  was  of  99-99  percent  minimum  purity.  The  research  grade  NO  gas  had 
the  following  analysis  in  weight  percent:  0.68  Ng,  0.33  NgO,  0.22  N0g,  and 
98.74  NO.  The  gas  was  passed  through  a  tube  containing  ascarite  to  remove 

N0„  before  being  used  in  the  experiments. 
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III.  RESULTS  AMD  DISCU8SICM 


It  is  shown  in  the  earlier  reports  (Refs.  1,  2)  that  the  gaseB  dis¬ 
solved  in  liquids  of  interest  obeyed  Henry's  law,  i.e.,  the  solubility  is 
proportional  to  the  partial  pressure  of  dissolved  gas.  Thus,  the  process 
of  dissolving  a  non  reacting  gas  in  NgO^  can  be  considered  as  the  simple 
reaction 


gas  - >  dissolved  gas  (l) 

with  its  equilibrium  constant  K  defined  by 

mol  fraction  of  dissolved  gas  _  X  (2) 

K'  ”  partial  pressure  of  gas  F 

The  data  presented  in  this  report  show  that  Eq.  (2)  is  valid  for  0g  at  all 
pressures  and  for  MO  and  NgOj  at  low  pressures.  When  NO  iB  admitted  in  the 
apparatus  for  the  measurements  of  solubility,  it  reacts  with  gaseous  N0g 
( or  MgO^)  to  form  NgO^,  and  large  solubilities  of  NO  and  NgOj  in  liquid 
NgO^  affect  the  concentrations  of  gaseous  N0g  and  NgO^.  It  is  therefore 
necessary  to  account  for  the  simultaneous  reactions  NO(g)  +  NOg(g)  * 

NgO^(g)  and  NgO^(g)  =  2N0g(g)  in  computing  the  partial  pressures  of  each 
gas  over  the  liquid  and  finding  the  composition  of  the  solution. 

A.  OXYGEN 

The  solubility  values  for  0g  are  listed  in  Table  1  and  are  repre¬ 
sented  in  Fig.  1.  Aside  fran  a  small  degree  of  scattering,  which  is  less 
than  JO. 05  x  lO'^  in  K  (shown  by  *  in  Fig.  l),  the  temperature  dependence 
of  the  equilibrium  constant  for  solubility  is  linear.  The  equation  repre¬ 
senting  this  relationship  is 
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log  K  -  -  2.526 


(3) 


The  corresponding  change  in  the  standard  free  energy  tO  is 

gj°  -  63 6  +  11.56  T  W 

where  iH°  ■  636  cal/mole  and  t&°  ■  -11. 56  cal/ mole  °K. 

« 

A  possible  reaction  of  oxygen  with  Ng0^  is 

Og(g)  +  2N20u(l)  5==a  2Sg05  (in  liquid  HgO^)  (5) 

For  this  reaction  the  equilibrium  constant  is  (2X)  /pQ  ,  where  2X  is  the 
mol  fraction  of  NgO^.  The  dissolution  process  for  Og2in  liquid  NgO^  is 
represented  by  (l)  and  not  by  (5)  because  X/p^  is  a  constant  and  not 

(2X)2/p  at  various  pressures  for  a  given  temperature. 

°2 

B.  NITRIC  OXIDE  AMD  PINITROGEN  TRIOXIDE 

In  order  to  determine  the  partial  pressures  of  the  variouB  species  over 
liquid  from  the  measurement  of  total  pressure  it  is  necessary  to  con¬ 
sider  the  two  side  reactions.  Gaseous  NgO^  dissociates  reversibly  into  two 
molecules  of  NOg  in  the  gas  phase,  i.e., 


N204(g) 


2N0g(g) 


(6) 


In  the  liquid  state  NgO^  dissociates  so  little  that  it  may  safely  be  con¬ 
sidered  as  entirely  NgO^  (Ref.  3).  In  addition  NO  reacts  with  NOg  to 
form  NgO^  as  follows: 

NO(g)  +  NOg(g)T=*  Ng03(g)  (7) 
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At  equilibrium  in  this  system,  the  molecular  species  NO,  NOg,  NgO^,  and 
are  present.  The  atount  of  each  species  present  in  the  gas  phase  is 
determined  by  the  following  equilibrium  constants  far  (6)  and  (T): 


(8) 


PN0PN0„ 


N2°3 


(9) 


The  evaluation  of  partial  pressure  of  NO  and  mol  fraction  of  NO  dis¬ 
solved  is  not  straightforward.  However,  an  analytical  expression  can  be 
obtained  in  the  following  manner:  Reaction  (6)  can  be  written  as  the  dif¬ 
ference  of  the  reactions 


n2o4(i) - , 

2N0g(g) 

(10) 

NgC',/1)  i=5 

Ng04(g) 

(11) 

Their  respective  equilibrium  constants  are 


K 


NOg 

\°k 


(12) 


K 


(13) 

/ 
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vhere  %g04  is  the  mole  fraction  of  NgO^  in  the  liquid  phase. 

She  experimentally  measured  total  pressure  over  the  liquid  phase  of 
this  system  is  the  sum  of  the  partial  pressures: 

P,  ,  ■  p„  _  +  p  +  p„  +  p„  .  | 

total  NOg  HO  NgO^ 

Prom  (12),  (13),  (9),  and  (l4)  the  partial  pressures  are,  respectively, 


(15) 


PN204  ■  K2XN204 


(16) 


P  P 
rN0rN02 

v3 ' 


,1/2 


KN2°3 


NO 


w- 

■  1  *K^2;rkoJ 


(17) 


(18) 


The  equilibrium  constants  can  be  calculated  from  thermodynamic  data  in  the 
JANAF  Tables  (Ref.  4).  The  calculated  values  used  are  listed  in  Table  2. 
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Table  2.  Values  of  Equilibrium  Constants 


Finally,  by  the  method  of  successive  approximation,  the  partial  pressures 
and  the  mol  fractions  of  the  solute  gas  are  evaluated.  For  the  first  approx¬ 
imation,  the  mol  fraction  of  NgO^,  Q  ,  is  set  to  unity  in  Eqs.  (l5)-(l8)  to 
obtain  the  partial  pressures  of  all  fiuil  species.  These  values  and  the 


known  volume  above  the  liquid  yield  the  mass  of  each  constituent,  the  w>1 
fraction  Q  of  liquid  NgO^.  Substitution  of  Xj,  in  Eqs.  (l5)-(l8)  yields 
a  second  se?  <£f  values  for  the  partial  pressures  f£c&  which  Xjj  Q  is  recal¬ 
culated.  The  procedure  may  be  repeated  to  obtain  the  third  approximation 


for  Xjg  o  vhich  differs  from  the  second  approximation  by  less  than  0.1 
percent. ^ 


The  solubility  values  for  NO  in  liquid  NgO^  are  listed  in  Table  3  and 
are  represented  in  Figs.  2-4. 


Figure  2  presents  the  solubility,  as  mol  fraction  X^,  of  NO  in  liquid 
N2°4  vs  the  partial  pressure  of  NO.  It  is  assumed  that  only  the  species  NO 
and  NgO^  are  present  in  the  liquid  phase.  The  plot  shows  that  only  in  the 
dilute  solution  region,  i.e.,  when  X^  <0.1,  Henry's  law  is  obeyed.  The 


solubility  of  NO  in  liquid  NgO^  decreases  as  temperature  increases.  Log  Xjjq/Pjjq* 
log  K'  is  presented  vs  X|j  in  Fig.  3  to  facilitate  the  extrapolation 
of  the  solubility  constant^'* ,  to  the  limiting  value  of  zero  concentra¬ 


tion  of  NO.  The  decrease  in  K'  with  increase  in  pressure  is  probably  due 
to  the  deviation  of  the  gases  from  the  ideal  gas  laws.  Figure  4  represents 
log  K'  vs  l/T  with  mol  fraction  Xjjq  as  a  parameter.  The  curves  appear  linear 
up  to  the  concentration  of  ■  0.2.  The  equation  representing  the  linear 

plots  of  Fig.  4  and  the  curves  in  the  linear  portions  of  Fig.  3  is 
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Table  3-  Solubility  of  HO  in  Liquid  H_Oj 
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Fig.  4 .  Variation  of  Log  K'  with  Temperature  at  Fixed  Compositions 
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-  6.386 


(19) 


log  K - 


log 


So 

So 


1682.6  +  6?. 


T 


The  corresponding  change  in  the  standard  free  energy  for  the  limiting 
case  when  X_  _  - >  1  is 

S°4 


act 


-RT  In  if  -  -8100  +  29.23  T 


(20) 


where  AH0  ■  -8100  cal/mol,  and  AS0  =  -29.23  cal/mol  ^C. 

The  values  for  the  equilibrium  composition  of  the  liquid  and  gas 
phases  and  equilibrium  partial  pressures  at  -11.03,  0,  and  25 °C  and  at 
various  total  pressures  are  listed  in  Table  4.  Figure  5  presents  the 
equilibrium  partial  pressures  of  the  molecular  species  NO,  NgO^  NgO^, 
and  NOg  over  the  liquid.  Since  there  are  no  data  on  the  liquid  phase  equi¬ 
libria,  NO(l)  +  NOg(l)  5=±  N203(1)  and  N0(l)  +  l/2  NgO^l)  5^  NgO^l), 
the  liquid  phase  compositions  are  computed  on  the  basis  that  only  NO  and 
NgO^  exist  in  the  liquid.  Hie  compositions  are  also  expressed  as  a 
function  of  yx  and  y  ,  the  total  oxygen  to  total  nitrogen  ratio  in  the 
formula  N0y  of  the  liquid  and  of  the  gas  phase,  respectively. 

The  partial  pressure  of  NgO^  over  the  liquid  NgO^  containing  dissolved 
species  from  the  gas  phase  have  been  computed  and  listed  in  Table  4.  A 
possible  reaction  for  the  dissolution  process  of  gaseous  NgO^  in  liquid 
NgO^  may  be  assumed  as  follows: 


N203(g)  ^  N0( in  liq.  NgC>4)  +  l/2  NgO^l)  (2l) 


Then,  the  solubility  constant  K"  =  Xjjq/Pjj  q  of  gaseous  Ng03  in  liquid 
NgO^  may  be  represented  by  2  ^ 


4 


PARTIAL  PRESSURE,  ATM 


h 


Fig.  5.  Partial  Pressures  of  NO,  NgOj,  NgO^,  and  NOg  vs 
Atomic  Ratio  0/N  =  y1  in  Liquid 
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(22) 


H 

log  K 


v3 


-  6.33 


for  the  limiting  case  when  - >  0.  This  equation  la  also  valid  up  to 

X^q  >0.2  within  ±2  percent. 

The  corresponding  change  In  the  standard  free  energy  for  the  limiting 
case  Is 


ta°  -  -RT  In  K"  -  -911.5  +  29.19T 


where  AH°  ■  -9U-5  cal/mol,  and  AS0 


-29.19  cal/mol  °K. 


(23) 
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IV.  COMPARISON  OIF  AVAILABLE  DATA 

During  the  peat  30  years  numerous  investigators  have  studied  various 
aspects  of  the  NgO^-NO  system.  Verhoek  and  Daniels  (Ref.  5)  investigated 
the  dissociation  constants  of  NgO^  and  of  HgO_.  Olaugue  and  Kemp  (Ref.  6) 
measured  the  entropy  of  Ng0^  and  NOg  and  the  equilibria  in  NgO^(g) 
.^=±2N0g(g)  5=i2M0(g)  +  Og(g).  Whittaker,  et  al.,  (Ref.  7)  investigated 
the  vapor  pressure  and  freezing  points  of  the  system,  NgO^-NO  in  the  compo¬ 
sition  range  0  to  16.85  percent  by  weight  of  NO  and  in  the  temperature  range 
-40  to  +15  C.  Beattie,  et  al.,  (Refs.  8-11)  made  a  series  of  investiga¬ 
tions  on  Ng03.  They  studied  the  stability  of  Ng03  in  the  gaseous  phase  and 
reported  equilibrium  constants  for  the  reaction  NgO^g)  NO(g)  +  NOg(g) 
at  5,  15,  25,  35  and  45°C  (Ref.  8).  They  reported  freezing-point  data  for 
the  N0g-Ng03  system  and  pure  Ng03  (Ref.  9) .  They  measured  the  vapor  pres¬ 
sure  of  mixtures  of  NOg  and  NO  and  expressed  their  results  as 

log1Q  P  (pressure  in  mm)  =  8.95  - 


where  f(X)  is  a  function  dependent  only  on  the  composition  of  the  mixture 
(Ref.  10).  They  also  determined  the  composition  of  the  vapor  in  equilibrium 
with  liquid  mixtures  of  NOg  and  NO  (Ref.  ll).  They  found  that  the  vapor  in 
equilibrium  with  a  liquid  containing  equimolar  amounts  of  NOg  and  NO  is 
almost  exclusively  NO  and  that  the  composition  of  the  vapor  above  liquid 
mixtures  of  NO  and  NOg  is  nearly  independent  of  temperature  for  a  particular 
liquid  composition. 

The  results  of  this  investigation  are  compared  in  Table  5  and  in  Fig.  6 
with  those  of  other  investigations.  Both  Whittaker,  et  al.,  and  Beattie, 
et  al.,  reported  their  measurements  as  total  pressure  vs  composition. 
Whittaker,  et  al.,  expressed  their  composition  of  liquid  phase  as  the  weight 
percent  of  NO,  and  Beattie,  et  al.,  as  a  function  of  the  quantity  y^  in  the 


-21- 


Investigator 

Wt#  SO 
In  II4. 

yi 

Total  Pressure,  1 

b  He  at 

-U.03°C 

o°e 

25  °c 

Whittaker, 

0.087 

1.954 

163.3 

1083 

et  al. 

0-155 

1.915 

198.4 

1268 

8.30 

0.220 

1.875 

229.6 

419.5 

1458 

10.67 

0.270 

1.843 

256.4 

471.0 

1655 

l4.ll 

0.336 

1.798 

309.2 

557.1 

1681 

16.85 

0.384 

1.763 

353-7 

636.6 

2146 

Beattie, 

0 

2.000 

140.5 

264.5 

932.8 

et  al. 

0.180 

1.900 

210.5 

389.9 

1331 

0.333 

1.800 

301.8 

550.8 

1826 

0.464 

1.700 

472.3 

846.6 

2708 

0.575 

1.600 

814.3 

1428.0 

0.623 

1.550 

1231.0 

2122.0 

0.646 

1.525 

1749.0 

2973.0 

Authors 

0.051 

1.974 

155-1 

0.171 

1.907 

197.3 

0.280 

1.837 

249.3 

0.383 

1.763 

330.0 

0.542 

1.628 

617.0 

0.081 

1.958 

311.4 

0.221 

1.876 

417.1 

0.351 

1.787 

572.3 

0.465 

1.697 

829.4 

0.023 

950.5 

0.031 

1.985 

966.8 

0.110 

1.942 

1149 

0.155 

1260 

0.188 

1.896 

1352 

O.250 

1.857 

1546 

0.254 

1551 

Table  5.  Comparison  of  Available  Data 
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Fig.  6.  Variation  of  Total  Pressure  with  O/N  =  y1  in  Liquid 
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Fig.  7-  Equilibrium  Composition  in  Liquid  0/H  = 
and  in  Gas  O/N  =  y 


formula  N0y  In  the  liquid  phase.  Therefore  all  the  data  were  extrapolated 
to  the  same  temperature  and  converted  to  the  cannon  unite  of  total  pressure 
vs  y1  in  Fig.  6.  The  scale  for  the  mol  fraction  of  NO,  XjjQ,  in  the  liquid 
phase,  i.e.,  assuming  that  in  the  liquid  phase  the  only  species  present  are 
NO  and  NgO^,is  also  shown  in  this  figure.  The  agreement  among  the  various 
investigations  is  good  at  25,  0,  and  -11.03°C  and  at  pressures  less  than 
2  atm. 

Figure  7  I®  a  comparison  of  the  authors'  data  with  those  of  Beattie 
et  al.,  showing  the  equilibrium  composition  of  the  vapor  y^  vs  the  composi¬ 
tion  of  the  liquid  y^  for  mixtures  of  NO  and  Ng0^;  yg  and  y^  are  as  indi¬ 
cated  before,  in  terms  of  the  formula  N0y  in  the  gas  and  liquid  phases, 
respectively.  The  authors'  data  for  Fig.  7  (Table  4)  are  in  agreement  with 
the  extrapolated  values  of  Beattie,  et  al. ,  when  the  concentration  of  NO  is 
low,  i.e.,  y  is  close  to  2  and  poor  at  high  NO  concentrations.  It  appears 
from  these  results  that  the  composition  of  the  vapor  is  nearly  independent 
of  temperature  for  a  given  liquid  composition,  in  agreement  with  the  conclu¬ 
sion  of  Beattie,  et  al.  The  authors'  results  cover  the  range  that  have  never 
been  investigated,  i.e.,  the  range  of  y^  =  1.6  to  2.0  and  =  1.2  to  2, 
whereas  Beattie,  et  al. ,  covered  the  range  y^  =  1-5  to  1.8  and  y^  »  1.0  to 
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